XPA, an essential protein in nucleotide excision repair (NER), interacts with damaged DNA and other proteins (RPA, ERCC1 and TFIIH) to remove a wide variety of chemically and structurally distinct DNA lesions from the eukaryotic genome. To understand the structural basis for the role of XPA in the repair process, the structure of the minimal DNA binding domain of human XPA [XPA-MBD (M98-F219)] was studied by NMR spectroscopy. A three-dimensional structure for XPA-MBD was generated using distance geometry and simulated annealing methods from NOE-based distance restraints, hydrogen bond and Zn-S distance restraints, and dihedral restraints. The structure calculations indicate that XPA-MBD contains elements of well-defined secondary structure interspaced with disordered loops organized into two non-interactive sub-domains: a zinc-binding core (D101-K137) and a loop-rich domain (L138-F219). The zinc-associated core contains an antiparallel β-sheet (Y102-C105 and K110-M113) and an α-helix (C126-K137) separated by a poorly defined turn, reminiscent of the structure of the zinc-binding domain of the chicken erythroid transcription factor GATA-1 when bound to its cognate DNA sequence. The loop-rich domain contains a triple-strand antiparallel β-sheet (L138-T140, L182-M178 and K163-K167), three loops (K151-L162, N169-D177 and Q208-F219) and three α-helices (K141-L150, K183-W194 and Q197-R207). The XPA-MBD structure is discussed in terms of known functions: binding single-and double-stranded DNA and binding RPA.
INTRODUCTION
Nucleotide excision repair (NER) is an important cellular mechanism, conserved from yeast to humans, for eliminating many structurally distinct DNA lesions from the genome (1-7). The process involves five steps: recognition, incision, excision, resynthesis and ligation. In mammalian cells the incision usually occurs by hydrolysis of the fifth phosphodiester bond 3′ to the lesion and the 24th phosphodiester bond 5′ to the lesion (8) . The single-stranded fragment containing the damaged DNA is excised, the unmodified strand is used as a template to resynthesis the excised DNA, and DNA ligase seals the nicks.
Mutations in NER genes are responsible for at least three human cancer-prone genetic instability syndromes: trichothiodystrophy, Cockayne's syndrome and xeroderma pigmentosum (XP) (9) . The latter is an autosomal recessive disease often characterized by hypersensitivity to sunlight, elevated levels of skin cancer and neurological abnormalities. Systematic complementation analysis by cell fusion techniques has identified seven XP complementation groups (A-G) and a variant form (9) . Five of the relevant gene products (XP-A, XP-B, XP-C, XP-D and XP-G mutations) have been identified (10) (11) (12) (13) (14) (15) (16) and are believed to work together in NER. Among the complementation groups, XP-A is the most common and most severe form of the disease (9) , with at least 12 different sites of mutation identified in the XPA gene (17) . The human XPA gene product, a 31 kDa protein (XPA) of 273 amino acids (18) , has no inherent catalytic activity yet plays a central role in NER. XPA has been reported to interact specifically with other NER proteins, including ERCC1 (19, 20) , TFIIH (21, 22) and RPA (23) , and to have a greater affinity for DNA damaged by UV, cisplatin and osmium tetroxide than for undamaged DNA (24) (25) (26) . While many chemically and structurally distinct DNA lesions generated by a broad variety of physical and chemical DNA damaging agents, including natural toxins, man-made carcinogens and UV and ionizing radiation (4, 27, 28) are repaired by NER, the mechanism of the XPA-DNA interactions is unknown. Instead of recognizing the structure of specific DNA lesions, the prevailing hypothesis is that XPA responds to distortions in the normal DNA topology (6, 25, 29) ; DNA damage recognition being facilitated by lesions that produce single-stranded character leading to an 'open complex formation'. DNA damage recognition is also facilitated by interactions with other proteins. The association of RPA with XPA leads to the formation of a complex which binds UV-irradiated DNA with a greater affinity than either protein alone and leads to an expansion of the types of lesions recognized by NER (30) .
The location of the DNA binding domain of XPA has been pinpointed to a 122 amino acid region between M98 and F219 that contains a class IV, C4-type zinc-binding motif; C105-X 2 -C108-X 17 -C126-X 2 -C129 (where X is a variable amino acid) (31) . Zinc-binding domains play a major role in eukaryotic protein-nucleic acid interactions (32, 33) and it is an essential functional motif in XPA because the replacement of C105, C108, C126 or C129 with a Ser severely reduces NER activity (17) . Proton NMR solution studies of a synthetic 41 residue peptide * To whom correspondence should be addressed. Tel: +1 509 372 2168; Fax: +1 509 376 2303; Email: ma_kennedy@pnl.gov containing the zinc-binding region [zXPA-41 (D101-K141)] (34) suggest that zXPA-41 adopts a structure similar to the DNA binding domain of the chicken erythroid transcription factor GATA-1 bound to its cognate DNA target sequence (35) . Although the zinc-binding core structures of XPA and cGATA-1 appear similar (34, 35) , the motif in cGATA-1 requires only 28 additional C-terminal residues to bind DNA, while XPA requires an additional 82 C-terminal residues (31) . The 15 N, 13 C α , 13 CO, 1 H N and 1 H α backbone resonances of XPA-MBD have been previously assigned (36) . To better understand how XPA is involved in NER, the majority of the side-chain proton resonances of the 122 residue minimal DNA binding domain of XPA (M98-F219) have been assigned and the three-dimensional structure determined using multi-dimensional NMR protocols (37) .
MATERIALS AND METHODS

Preparation of 15 N/ 13 C labelled XPA-MBD
The cDNA for human XPA residues M98-F219 (XPA-MBD) was cloned into the vector pET-11d and transfected into the host Escherichia coli bacterial strain BL21(DE3)pLysS (Novagen Inc., Madison, WI). Cells were grown at 37_C to an OD 600 reading of 0.6-0.8 in minimal medium (Miller) containing 100 µg/ml ampicillin (Sigma, St Louis, MO), 34 µg/ml chloramphenicol (Fluka BioChemika, Switzerland), 15 NH 4 Cl (Cambridge Isotopes Inc., Woburn, MA) and [ 13 C 6 ]-D-glucose (Cambridge Isotopes Inc., Woburn, MA). The medium was then supplemented to a final concentration of 0.01 mM zinc acetate (Sigma), the temperature lowered to 28_C, and protein expression induced for 3-5 h with 1.0 mM isopropyl-1-thio-β-D-galactopyranoside (Sigma). Cells were harvested by centrifugation for 15 min at 5000 g at 4_C and resuspended in 50 mM Tris-HCl (Sigma), pH 7.5. Phenylmethylsulfonyl fluoride (0.2 mM; Sigma) was added to the cell suspension immediately prior to lysis by three passes through a French Press (SLM Instruments Inc., Rochester, NY). The debris was removed by centrifugation at 50 000 g for 30 min in a SW-50 rotor and the supernatant applied to a POROS HQ/M strong anion exchange column attached to a BioCAD Sprint Perfusion Chromatography 2 O on a Pharmacia PD-10 size-exclusion column packed with Sephedex-G25 media pre-treated (six column volumes) with NMR buffer prepared in 98% D 2 O (pH meter reading of 7.0). The protein was collected in one 600 µl fraction (gravity elution) with the addition of three column volumes of deuterated buffer. 15 Open squares indicate 3 J 1HN,1Hα coupling constants >6.5 Hz. Upright triangles represent a β-strand consensus CSI and inverted triangles represent an α-helix consensus CSI. Predicted elements of secondary structure are depicted by arrows for β-strands and ovals for α-helices.
Tertiary structure calculations for XPA-MBD
Because of the absence of assignable long-range NOEs between the N-and C-terminal regions, and the paucity of NOEs within residues Q208-F219, distance geometry/simulated annealing structure calculations [DGII program of Insight95 (MSI, San Diego, CA)] (46) for XPA-MBD were divided into two parts, M98-L139 and H136-Q208. The initial distance restraints were obtained by classifying the NOE peak volumes from the 15 N-edited and 13 C-edited NOESY-HMQC experiments into strong (1.80-2.5 Å), medium (2.50-3.50 Å) and weak (3.50-5.00 Å) bins. Following the generation of ten distance geometry/simulated annealing derived structures, the distance restraints were either widened or eliminated to reflect uncertainty in the distance classification or the integration of overlapping cross peaks. The process was repeated until no distance violations >0.1 Å were observed. An average structure for both domains was generated from an ensemble of 4 out of 10 calculated structures after minimization (250 steps conjugant gradient) which included tighter omega dihedral restraints (-178 to 178_ versus -176 to 176_). A final set of 378 1 H-1 H NOE-based distance restraints (174 inter residue), 10 hydrogen bond restraints and 16 φ dihedral restraints were used in the distance geometry/simulated annealing calculations for M98-L139. Ten additional distance restraints were used to constrain the zinc coordination to a tetrahedral geometry [six S-S distance ranges of 3.60-3.85 Å and four Zn-S distance ranges of 2.30-2.40 Å (35, 38) ] about the sulfur atoms of C105, C108, C126 and C129. For the C-terminal region, a final set of 656 1 H-1 H NOE-based distance restraints (299 inter residue), 20 hydrogen bond restraints and 36 φ dihedral restraints were used in the distance geometry/simulated annealing calculations. 15 15 N/ 1 H HMQC spectrum and (iv) the regions of α-helix and β-sheet predicted by the consensus CSI using 13 C α , 13 C β , 13 CO and 1 H α chemical shifts (47, 48) . The elements of secondary structure determined from the NMR data are also illustrated in Figure 1 : four α-helices (α-1 to α-4), five β-strands (β-1 to β-5), three turns (t-1 to t-3) and three disordered loops (r-1 to r-3). Because of the presence of three loops in the C-terminal region (L138-F219) we call this the loop-rich domain (for simplicity we also refer to r-3 in XPA-MBD as a loop, although it is not bound to a secondary structure motif). Note that 15 out of the 17 absent 1 H N resonances are in the disordered loops suggesting substantial conformational exchange in these regions.
RESULTS
Two-dimensional
XPA-MBD contains four helical regions: C126-K137 (α-1), K141-L150 (α-2), K183-W194 (α-3) and Q196-R207 (α-4). The helices were identified by characteristic patterns of NOEs (49) and negative consensus CSI (Fig. 1) . Strip plots extracted from the 15 N-edited NOESY-HMQC spectrum, shown in Figure 2A , illustrate the quality of the NMR data and the typical helical NOE network of 1 
Five β-strands are found in XPA-MBD: Y102-C105 (β-1), K110-M113 (β-2), L138-T140 (β-3), K163-K168 (β-4) and M178-L182 (β-5). NOE patterns typical of a β-sheet structure, such as a weak 1 H α i to 1 H N i cross peak accompanied with a strong sequential 1 H α i to 1 H N i+1 cross peak (49) , are evident in the strip plots extracted from the 15 N-edited NOESY-HMQC spectrum for D101-M113 in Figure 2B . Figure 3A summarizes the sequential NOEs and the long range interstrand 1 H α i to 1 H N j , 1 H N i to 1 H N j , and H α i to 1 H α j NOEs, used to define the antiparallel β-sheet between β-1 and β-2. The β-sheet is corroborated in the D 2 O exchange experiment by the observation of four slowly exchanging 1 H N resonances for residues that are predicted to form hydrogen bonds between β-1 and β-2. Sixteen unambiguous NOEs observed among the other three β-strands, summarized in Figure 3B , were used to identify a triple-stranded antiparallel β-sheet centered about β-5. NOEs that uniquely identify the antiparallel nature of the second β-sheet include strong 1 H α i to 1 H α j NOEs between K179 and V166, Y181 and F164, L182 and L138 and L180 and T140. Seven slowly exchanging 1 H N resonances in positions where hydrogen bonds are predicted between β-3, β-5 and β-4 further corroborate the second β-sheet.
The elements of secondary structure obtained from the data in Figure 1 were introduced into the starting structures for the distance geometry/simulated annealing calculations carried out independently on the two sub-domains, M98-L138 and H136-Q208. The convergence of the final set of calculated structures for each sub-domain is illustrated in Figure 4 . Figure 4A and B is a superposition of the N-C α -C=O backbone atoms of the final ensemble of calculated structures on the average structure Table 2 . Backbone atom RMS differences (Å) for the final set of calculated structures of the zinc-binding core and loop-rich domain of XPA-MBD for the zinc-binding core and the loop-rich domain, respectively. The overall RMSD of the backbone atoms to the mean structure of the residues superimposed in Figure 4A and B is 1.5 ± 0.3 and 1.6 ± 0.3 Å, respectively. The quality of the structures is highlighted in Figure 4C and D where the mean structure for each sub-domain has been represented by using a ribbon drawn through the backbone atoms. The individual elements of secondary structure summarized in Figure 1 are generally well defined as summarized in Table 2 , which lists the RMS differences for the individual elements of secondary structure and the two β-sheets The good definition of the elements of secondary structure are further evident in Figure 5 , a plot of the mean pairwise RMSDs to the mean structure for each residue. Except for the C-terminal region of the helices of both domains, the pairwise RMSD of the backbone atoms to their mean structure rarely rises above 1 Å for residues identified in α-helices, β-sheets or turns in Figure 1 . Turn-2 and loop regions r-1 and r-2 have RMSDs near, or above, 1 Å, reflecting a greater amount of flexibility in these regions. Figure 6 is a model for XPA-MBD based on the average structure calculated for both domains. The relative orientation of the two sub-domains are not well defined since no long range NOEs were confirmed between the zinc-binding core and the loop-rich domain. The lack of interactions between the two sub-domains is reflected in the increase in the pairwise RMSD (Fig. 5 ) towards the C-terminus of the zinc-binding core, which suggests a region between the two domains is flexible. An elongated, solvent exposed structure is supported by the relatively rapid (4 h) deuterium exchange of all of the backbone 1 H N resonances.
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DISCUSSION
XPA has been shown by filter-binding assays to bind preferentially to UV-, cisplatin-and osmium-tetroxide-damaged DNA over undamaged DNA (26) . XPA-MBD has also been shown to have a 4-fold greater affinity for single-stranded DNA over doublestranded DNA (25) . As illustrated in Figure 7 , XPA also interacts with a number of NER proteins. RPA associates with a region in the minimal DNA binding domain of XPA to form a complex which binds UV-irradiated DNA with a greater affinity than either protein alone and widens the variety of lesions repaired by NER (30) . Therefore, XPA-MBD is anticipated to be involved in at least two distinct functions, (i) binding single-and doublestranded DNA and (ii) binding RPA. Our structural investigations indicate that XPA-MBD is 38% helical, 18% β-sheet, 14% turn and 30% unstructured. The predominantly helical nature of XPA-MBD, distributed in four helices, is in accord with the secondary structure estimation made by circular dichroism spectroscopy (31) . The absence of assignable long-range NOEs between the two sub-domains, the zinc-binding core and the loop-rich domain, suggest that the two sub-domains are structurally independent in the absence of DNA substrate, XPA residues 1-97 and/or 220-273, or RPA.
Zinc-binding core (D101-K137)
In our previous NMR studies of the zinc-binding core of XPA (zXPA-41), residues V102-C105 and G109-F112 formed an antiparallel β-sheet and residues N128-K137 a nascent α-helix. Even though the zXPA-41 experiments were conducted at pH 6.3 and 25_C (34) , rapid exchange of most amide resonances between S115-C126 prevented unambiguous assignment of all the protons resonances in this region. Consequently, a hybrid homology-NMR-based solution structure for zXPA-41 was generated based on similarities in sequence and secondary structure to the zinc-binding domain of the chicken erythroid transcription factor GATA-1 when bound to its cognate DNA target sequence (35) . Using the latter technique, a second β-sheet was predicted within residues S115-C126 (34) .
The NMR data for XPA-MBD summarized in Figure 1 , and the distance geometry/simulated annealing derived calculated structures shown in Figure 4 , confirm the presence of the first β-sheet (Y102-C105 and K110-M113) in a region almost identical to that observed in zXPA-41 (V102-C105 and G109-F112). Indeed, the 1 H α chemical shifts are markedly similar between the residues in the two sequences. The greater number of interstrand NOEs observed for XPA-MBD over zXPA-41 (7 versus 3), together with the detection of slowly exchanging amide resonances for XPA-MBD, results in a better definition of the β-sheet (Fig. 3A) . Also observed in the zinc-binding core region of XPA-MBD is an α-helix that extends from C126-K137 (α-1) which overlaps with the residues of the nascent α-helix observed in z-XPA-41 (N128-K137). In contrast with zXPA-41, the α-helix is more stable in XPA-MBD as suggested by the larger number of α-helical NOEs.
The coordination of zinc to the sulfur atom of four Cys residues has been confirmed by EXAFS spectroscopy (38) . While structure calculations were performed using Zn-S and S-S distance restraints designed to introduce a tetrahedral geometry between the metal ion and the sulfur atoms; no covalent Zn-S bonds were added into the starting structure. Nevertheless, in all the distance geometry/simulated annealing structures calculated, Figure 5 . Plots of the mean pairwise RMSDs to the mean structure for each residue of the zinc-binding core (A) and the loop-rich domain (B). The plots were generated by moving a window of three residues along the sequence and plotting the mean pairwise RMSD (Å) over the central residue.
an R configuration (using priorities assigned C126 > C105 > C129 > C108) of the Cys sulfur atoms about the zinc (51) was generated. Figure 4C illustrates the R orientation of the four Cys residues around the zinc with C105 and C108 in a turn (t-1) of the antiparallel β-sheet (β-1/β-2) and C126 and C129 part of a helix (α-1). It is interesting to note that all four zinc-coordinated Cys 1 H N resonances exchange very slowly with D 2 O. While the 1 H N resonance of C105 exchanges slowly because it is in a β-sheet (Fig. 3A) , the other three slowly exchanging Cys amide resonances suggest a structure about the metal ion that may be stabilized by a unique network of hydrogen bonds between the backbone 1 H N groups and the sulfur atoms of the Cys residues coordinated to the zinc, as observed in the case of rubredoxin from Pyrococcus furiousus which contains a C-X-X-C-G-X metal binding motif (52, 53) . The average structure of the zinc-binding core indicates that three of the four cysteine residues have 1 H N -S distances of ∼2.5 Å. However, the N, 1 H N , S bond angle is ∼90_, which is less than the minimum angle of 120_ necessary for ideal hydrogen bond formation (46) . Further experiments to determine if the Cys amide protons are coupled to 113 Cd via hydrogen bonds with the Cys sulfur atoms will be necessary to define the precise hydrogen bonding interactions involving the Cys amide protons.
One significant difference between the zinc-binding core region of zXPA-41 and XPA-MBD is that all the amide resonances between S115-C126 are observed in the larger XPA fragment studied here, even though the pH (7.3 versus 6.2) and temperature (30 versus 25_C) are elevated. Consequently, more NOEs for residues D101-K141 are observed in XPA-MBD over zXPA-41. Such observations suggest that the addition of 82 C-terminal residues to the zinc-binding core of zXPA-41 effects a structural stabilization of the identical region in XPA-MBD. Using the NMR data in Figure 1 and the distance geometry/simulated annealing derived structures in Figure 4 , it is now possible to define more accurately the secondary structure of residues S115-T125 in XPA even though the pairwise RMSDs (Fig. 5) of the residues in this region suggest that this turn is flexible. Foremost, the absence of long-range 1 H N i to 1 H N j and 1 H α i to 1 H α j NOEs between the extremities of the S115-T125 region disproves the β-sheet predicted previously in the region using hybrid homology-NMR modelling (34) . Instead, the S115-T125 region in XPA-MBD, at least in the absence of DNA, adopts a structure that contains a single turn of an α-helix followed by a tight turn as illustrated in the distance geometry/simulated annealing derived structures (Figs. 4 and 6 ). Three i to i+3 and i+4 NOEs between S115 to M118 and N119 are consistent with the formation of a single turn of an α-helix involving residues S115-N119 and negative consensus CSI values for Y116-N119 further support such an interpretation (Fig. 1) . However, the lack of a full complement of i to i+3 and i+4 NOEs over the entire S115-T125 region (Fig. 1) indicate that it is not entirely helical as others have predicted using a 3D-1D compatibility analysis method (54) .
The loop-rich domain (L138-F219)
While the zinc-binding core is essential for binding DNA, as shown by the reduction in DNA binding activity upon (i) the removal of zinc and (ii) the replacement of C105, C108, C126 or C128 with a Ser in experiments on XPA (17), the core structure alone (D101-K137) does not bind DNA (31) . An additional 82 residues (L138-F219), corresponding to the loop-rich domain, are required for DNA binding. As illustrated in Figures 4 and 6 , the loop-rich domain consists of a triple-strand antiparallel β-sheet, three α-helices and three loops. The three helices form a loose bundle that is orientated perpendicular to the triple-strand β-sheet with loops joining β-4 to β-5 and α-2 to β-4. The ability of XPA to bind DNA is lost in an XPA fragment that is terminated at W194 (S49-W194) (31) . The C-terminal 26 residues of XPA-MBD (W194-F219) have been predicted to adopt a helical conformation (31) . We observe that Q197-R207 (α-4) does indeed form an α-helix; however, the remaining residues between Q208 and F219 (r-3) are disordered. The absence of a complete helix at the C-terminus may be due to termini dynamic fraying, truncation of the full-length XPA protein, the absence of other NER proteins, or the absence of a DNA substrate.
Approximately 30% of XPA-MBD is unstructured and the majority (90%) of this disorder is in the loop-rich domain. Given XPA's ability to associate with both single-and double-stranded DNA, such flexibility may be expected in the absence of a damaged DNA substrate. Furthermore, it is plausible that the structure of XPA might change, not only upon association with DNA, but also upon association with other proteins (Fig. 7) involved in NER (55) . The 70 kDa subunit of RPA is the only NER protein that is known to bind to XPA-MBD and is required for XPA to function in complementation of XP-A cells in a UV survival assay (56) . The location of RPA-70 binding to XPA-MBD has been pinpointed to a 24 residue region (C153-G176) located in r-2 in the loop-rich domain of XPA-MBD (Fig. 7) (56) . Unstructured regions in isolated proteins have been shown to play a role in protein-protein interactions (57, 58) . Therefore, r-2, as well as r-1 and r-3, may be involved in the conformational changes that occur to XPA upon association with the NER proteins and/or damaged DNA.
Possible mechanisms for DNA binding
Zinc binding motifs play an important role in gene regulation with at least ten different classes having been characterized (59), five of which bind to DNA (60, 61) . XPA appears to be a class IV zinc-dependent DNA binding protein, associating with DNA as a monomer through a single, C-4 motif of the form C-X 2 -C-X 17 -C-X 2 -C (10,26). The erythroid transcription factor GATA-1 is the prototypical member of the class IV zinc-dependent DNA binding proteins (62) . The NMR solution structure of the DNA binding domain of the chicken erythroid transcription factor, cGATA-1 (K158-R223), has been determined bound to its cognate DNA substrate (35) . The structure has been described as a 'hand (protein) holding a rope (DNA)' with the 'hand' composed of two functional regions, the 'palm and fingers' [38 residue zinc-binding core (K158-H195)] and a 'thumb' [28 residue C-terminal (Q196-R223)]. The zinc-binding core provides a scaffold for binding double-stranded DNA, interacting specifically with nucleotide bases in the major groove and non-specifically with the DNA sugar-phosphate backbone. The C-terminal 'thumb' confers further specificity to the DNA binding, wrapping itself into the DNA minor groove (35) .
While cGATA-1 and XPA-MBD share some structural similarities, at this time there is no clear functional analogy between the two proteins. Only one of the two sub-domains of XPA-MBD is structurally comparable with cGATA-1, the zinc-binding core and the 'palm and fingers'. Both sub-domains contain a β-sheet between the first two zinc-associated Cys residues and an α-helix containing the second two zinc-associated Cys residues. The major difference between the two zinc-chelated core structures is the presence of a turn (t-1) within XPA-MBD residues S115-T125 instead of the second β-sheet observed in the analogous region in cGATA-1. It is possible that the loop (t-1) in XPA-MBD may change structure upon binding DNA and the function of the zinc-binding domain, like in cGATA-1, may be to serve as a scaffold for double-helical DNA. However, initial 15 While the zinc-binding core of the XPA-MBD and cGATA-1 are the same size and share similar structural features, the C-terminal sub-domains of both proteins differ significantly. XPA requires a larger region, 82 residues at the C-terminus of the zinc-associated core, to bind damaged DNA, while cGATA-1 requires only 28 residues (the 'thumb') at the C-terminus of the zinc-associated core to recognize its cognate DNA substrate. In cGATA-1, the C-terminus wraps around its DNA substrate, while in XPA-MBD the C-terminus forms a structure containing a triple-strand β-sheet and a three helix bundle interspaced with three loops (Fig. 6) . It is not surprising that the structural similarities diverge given the distinct functional roles of XPA and cGATA-1. For example, cGATA-1 recognizes a specific, doublestranded DNA sequence and binds tightly to it (35) , whereas XPA-MBD participates in the recognition of an extensive list of DNA lesions that are corrected by NER. The list, as determined by in vitro and in vivo investigations, includes bulky adducts of benzo[a]pyrene, acetylaminofluorene, aflatoxin, chlorestorol, psoralen, cross-linked cisplatin adducts, UV-induced lesions such as cyclobutane pyrimidine dimers and the photoproduct, apurinic sites, oxidative lesions and G:G mismatches (1, 63, 64) . According to the prevailing model, the topological feature recognized by XPA in the aforementioned list of DNA lesions is single-stranded character leading to an 'open complex formation' (6, 25, 29) . Preliminary chemical shift mapping experiments with RPA and single-and double-stranded DNA indicate that the RPA interactions are spread throughout both domains with slightly more perturbations to the zinc-binding core whereas the DNA interactions are highly localized in the loop-rich domain (G.W.Buchko, D.F.Lowry, B.K.Sudha Rao and M.A.Kennedy, unpublished results). Consequently, despite the presence of a similar zinc-binding core in cGATA and XPA, the mechanism of DNA binding probably differs significantly between cGATA-1 and XPA.
CONCLUSIONS
XPA is the only known eukaryotic DNA repair protein to contain a C4-type zinc-associated DNA binding domain. Two other bacterial DNA repair proteins, UvrA (65) and fapy-DNAglycosylase (66) also contain the C-4 motif. Bacterial UvrA, which binds damaged DNA as a dimer, contains two C-4 type zinc-binding motifs and requires a helix-turn-helix motif to recognize its damaged substrate (67) . Bacterial fapy-DNAglycosylase contains a single C-4 type zinc binding motif but it is located at the very end of the C-terminus. Hence, the structural organization of the minimal DNA binding domain of XPA appears to be unique among DNA repair proteins. The presence of two structurally distinct sub-domains together with preliminary chemical shift mapping experiments indicate that the two primary functional roles of XPA-MBD may be divided according to its structural organization into two distinct regions, a zinc-binding core and the loop-rich domain. The unstructured or loop regions may represent the structural features required to facilitate the reorganization of XPA necessary to accommodate binding to DNA and RPA.
